Results Fifty-seven patients were enrolled. Dose-limiting toxicities were grade 3 altered mental status (n = 2), related to valproic acid. Bevacizumab 11 mg/kg given on days 1 and 15 and valproic acid 5.3 mg/kg daily were the recommended phase II dosages. Stable disease (SD) ≥6 months was reported in 4/57 (7 %) of patients, including two patients with colorectal cancer who had progressed previously on bevacizumab. Of the 39 patients evaluated for histone acetylation, 2 of 3 (67 %) patients with SD ≥6 months showed histone acetylation, while 8 of 36 (22 %) without SD ≥6 months demonstrated histone acetylation (p = 0.16). Patients with any grade of hypertension, compared to others, had a prolonged median survival (11.1 vs. 5.8 months; p = 0.012). Conclusions The combination of bevacizumab 11 mg/ kg and valproic acid 5.3 mg/kg is safe in patients with advanced malignancies, with activity in colorectal, gastroesophageal junction, and prostate cancer. Patients with hypertension had improved overall survival.
acetyl modification of lysine residues in histones [8] . Inhibiting histone deacetylase activity results in histone acetylation, which is associated with up-regulated gene expression [9] . Valproic acid, a short-chain fatty acid commonly used to treat epilepsy and other neurologic disorders, is also a histone deacetylase inhibitor. Valproic acid induces differentiation, growth inhibition, and apoptosis by promoting gene transcription in different cellular systems [10] . Histone deacetylase inhibitors have also been shown to downregulate angiogenesis-related gene expression in endothelial and tumor cells [11, 12] . Preclinical in vitro and in vivo studies demonstrate synergistic anti-angiogenic activity with a combination of a histone deacetylase inhibitor and VEGF pathway inhibition [13] .
This phase I study (NCT00530907) was designed to evaluate the combination of bevacizumab and valproic acid, including an exploratory analysis of biomarkers (histone acetylation and hypertension).
Patients and methods

Study group
Patients entered in the study were required to have a pathologically confirmed cancer that was metastatic or unrespectable and refractory to standard therapy or for whom there was no standard therapy for their cancer that resulted in a three-month survival advantage. Other eligibility criteria were as follows: adequate performance status (Eastern Cooperative Oncology Group ≤2) [14] , adequate cardiac function (New York Heart Association classes III and IV were excluded) [15] and adequate bone marrow, liver, and kidney function (absolute neutrophil count >1,000/UL, platelets >50,000/UL, total bilirubin <2.0 mg/dL, and creatinine <2.0 mg/dL). The study was approved and conducted at the University of Texas MD Anderson Cancer Center and was therefore performed in accordance with the ethical standards laid down by the 1964 Declaration of Helsinki and its later amendments. All patients were enrolled after giving written informed consent in accordance with our Institutional Review Board requirements.
Interventions
A toxicity adaptive dosing (TAD) algorithm, with six patients enrolled per dose level, was used to determine the maximum tolerated dose (MTD)/recommended phase II dose (RP2D) [16] . Bevacizumab, at the starting dose of 2.5 mg/kg (50 % of FDA-approved dose at the time of study initiation), was administered by IV on an outpatient basis on day 1 and day 15 of each cycle with dose escalation according to the TAD algorithm, and no intra-patient dose escalation was allowed. Valproic acid was administered orally at a starting dose of 10 mg/kg/day once daily with dose titration, with the goal of achieving therapeutic plasma trough levels between 75 and 100 μg/mL. This concentration range was predicted to increase histone acetylation in preclinical models [17] .
According to the TAD algorithm, six patients were treated at the starting dose and evaluated for toxicity. If there was no drug-related toxicity, the next cohort of six patients was treated with a 100 % dose escalation. If grade 1 toxicity that was at least possibly drug related was seen, the next cohort was treated with a 50 % dose escalation. If grade 2 toxicity was observed or if one of the six patients treated at a determined dose experienced a doselimiting toxicity or toxicities, the next cohort of 6 patients was treated with a 25 % dose escalation. If two or more of six patients at a determined dose experienced dose-limiting toxicities, the MTD was deemed to have been exceeded. The prior lower dose level was then established as the MTD (incidence of dose-limiting toxicities <33 %).
After establishing the MTD, additional patients with tumor types demonstrating stable disease (SD) ≥6 months and/or partial or complete response (PR, CR) were treated in the expansion cohort [18] . Pharmacodynamic (PD) parameters were assessed in PBMC (histone H3 acetylation). Courses of therapy were repeated no earlier than every 28 days. Patients continued on treatment until disease progression or unacceptable toxicities occurred.
Patients received approximately two courses of treatment (~56 days) before their initial re-evaluation for response.
Monitoring and treatment assessment Regular physical examinations, complete blood counts with differential serum chemistry (liver function tests, electrolytes, urea, and creatinine), and valproic acid levels were done at least twice per course of therapy. Valproic acid levels were monitored using a commercially available immunoassay. Toxicity for dose escalation was assessed at the end of the first cycle (28 days), and adverse events were recorded and coded based on the National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0, which was most recent version at the time of study initiation. Response to therapy was evaluated according to the Response Evaluation Criteria in Solid Tumors (version 1.0) [18] . Measurements were performed at baseline and after two cycles of treatment.
Analysis of histone acetylation
To confirm the induction of histone acetylation by valproic acid, we collected PBMC from patients on days 1 and 15 of each cycle, and histone H3 acetylation was analyzed in cell lysates by Western blotting using an antibody directed against acetylated histone H3 (Upstate Biotechnology, Waltham, MA, USA). Whole-cell lysates were prepared in RIPA lysis buffer (Cell Signaling Technology, Danvers, MA, USA). Forty micrograms of protein were separated in 15 % SDS-polyacrylamide gels (Bio-Rad, Hercules, CA, USA). Proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Immunoreactive bands were visualized using a Western blotting luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA). β-Actin was used as an internal control.
Statistical analysis
Progression-free survival (PFS) was defined as the time interval from the start of therapy to the first observation of disease progression or death, whichever occurred first. Patients alive and without disease progression were censored at the last follow-up date. Overall survival (OS) was defined as the time interval from the start of therapy to the date of death, and patients alive at the time of analysis were censored at the last follow-up date. OS and PFS were estimated using the method of Kaplan and Meier and were compared among the subgroups of patients using a log-rank test [19, 20] . All tests were two-sided and p values <0.05 were considered statistically significant. All statistical analyses were carried out using SPSS 17 computer software (SPSS, Chicago, IL).
Results
Patient characteristics
Fifty-seven patients were enrolled. Median age was 63 years (range 41-83 years). Patient characteristics are shown in Table 1 . The most common malignancies were colorectal cancer (29 patients), prostate cancer (six patients), breast cancer (five patients), and melanoma (three patients). A total of 181 cycles were administered with a median of three cycles per patient.
Toxicity
The dose escalation started at 10 mg/kg of valproic acid and bevacizumab (2.5, 5, 7.5 and 11 mg/kg). At dose level 4 (bevacizumab 11 mg/kg and valproic acid 10 mg/kg), the first dose-limiting toxicity of altered mental status (grade 3) related to valproic acid was observed. The patient exhibited slow speech and was unable to identify his location or the day of the week. His pattern of limb movement was hesitant and slow, and he was unable to walk in a straight line. As a result, there was an intra-cohort dose reduction in valproic acid to 7.5 mg/kg. Another patient at dose level 4 subsequently experienced a dose-limiting toxicity of grade 3 altered mental status while receiving 7.5 mg/kg of valproic acid. This patient had progressive lethargy with visual hallucinations and inappropriate responses. As a result, no additional patients were enrolled at dose level 4 and another dose level was opened with valproic acid being reduced to 5.3 mg/kg and a bevacizumab dose of 11 mg/kg. While this dose de-escalation schema was unforeseen in the setting of observed neurotoxicity, it was an IRB-approved alteration to ensure patient safety. No further dose-limiting toxicities were observed (within the dose-limiting toxicity window of cycle 1) even after an expansion up to 32 patients, and this was considered the RP2D. Although dose level 3 fit the criteria for the MTD, it was not established as the RP2D because the dose-limiting toxicities were related to valproic acid and dose level 3 was a reduction in bevacizumab only; therefore, the protocol was amended (with IRB approval) to reduce valproic acid to 5.3 mg/kg. Bevacizumab was maintained at a dose of 11 mg/kg for the expansion cohort dose as it had not caused any toxicity. Grade 3 or 4 toxicities other than dose-limiting toxicities included two patients with grade 3 proteinuria and two patients with grade 3 hypertension, both related to bevacizumab ( Table 2 ). Both of these grade 3 toxicities occurred after the initial dose-limiting toxicity window. There were 8 dose interruptions in five patients (one patient had 4 interruptions). Six of these interruptions were toxicity related and 2 were due to impending surgeries. One patient at the RP2D had a reduction in dose from 11 to 7.5 mg/kg of bevacizumab and from 5.3 to 2.5 mg/kg of valproic acid due to toxicities.
Overall response
No CRs or PRs were observed. Four patients (7, 95 % CI 0.03-0.17) had SD ≥6 months. Two patients with colorectal cancer (one patient at dose level 1 and one patient at the RP2D) remained on study for 14.7 and 10.1 months, respectively. One patient with gastroesophageal junction cancer (at the RP2D) was on study for 7.4 months and one patient with prostate cancer (at dose level 2) for 7.6 months. There was no association between rate of SD ≥6 months and any grade of hypertension. Two of 30 patients (7 %) with hypertension had SD ≥6 months compared 2 of 27 patients (7 %) without hypertension. There was also no association between SD ≥6 months and prior treatment with bevacizumab. Two of five patients (40 %) with SD ≥6 months had prior treatment with bevacizumab compared to 27 of 52 patients (51 %) who did not have SD ≥6 months (p = 0.73). There was no association between grade 3 or 4 toxicity and therapeutic efficacy (p = 0.036).
Valproic acid levels
Twenty-one patients received an initial 10 mg/kg/d dose of valproic acid (dose levels 1-4), with the goal of achieving trough levels in the expected therapeutic range of 75-100 μg/mL. Fifteen patients had initial trough levels below therapeutic range, resulting in dose escalation for 11 of these patients. Two patients experienced toxicities that prevented dose escalations and continued at the initial dose. One patient experienced a DLT of altered mental status which resulted in a dose decrease to 7.5 mg/kg/day, as previously mentioned. One patient dis-enrolled from the study before trough levels were assessed. Trough levels were not monitored for 36 patients who received 7.5 and 5.3 mg/kg/ day valproic acid.
Acetylation of histones
To assess the effect of valproic acid on histone acetylation, we performed Western blots of acetylated histone H3 on days 1 and 15 of each cycle (whenever patients agreed to provide samples). Acetylation of histone H3 (at least doubling over baseline by densitometry) was observed in 10 of the 39 evaluable patients (26 %). Patients with SD ≥6 months compared to those who did not achieve SD ≥6 months demonstrated a trend to a higher rate of histone acetylation (2/3, 67 % vs. 8/39, 22 %; p = 0.16). Higher valproic acid serum levels (>30 μg/mL) in some patients (measured shortly after day 15 and 28 dosages) did not correspond to those patients being more likely to have SD Fig. 2) . None of the other factors analyzed (histone deacetylase inhibition, valproic acid doses or dose levels) were associated with improved PFS and OS outcomes.
Discussion
The combination of bevacizumab (11 mg/kg IV once every 14 days) and valproic acid (5.3 mg/kg PO daily) is safe and well tolerated. The median PFS and OS were 1.9 and 7.3 months, respectively, for enrolled patients. SD ≥6 months was observed in 4 of the 57 patients (7 %) treated, including 2 of 29 (7 %) with colorectal cancer, 1 of 6 (17 %) with prostate cancer, and 1 of 1 (100 %) with gastroesophageal junction cancer. Reported therapeutic efficacy in our study is in accord with previous reports from phase I trials with targeted therapies, which demonstrated response rates from 4 to 6 % in an unselected patient population [21] . Of interest, both patients with colorectal cancer with SD ≥6 months had previously received and progressed on bevacizumab. In our study, prior therapy with bevacizumab was not associated with a worse response to therapy as reflected by SD ≥6 months, 40 versus 51 % (p = 0.73). Bevacizumab inhibits VEGF signaling in endothelial cells, which can lead to a rapid rise in blood pressure [22] . A meta-analysis of randomized-controlled trials indicated that the relative risk of developing hypertension was 3.0 (95 % CI 2.2-2.2, p < 0.001) for low doses and 7.5 (95 % CI 4.2-13.4, p < 0.001) for high doses of bevacizumab [23] . Retrospective analyses of data from metastatic breast cancer [24] and advanced, non-squamous, non-small cell lung carcinoma [25] trials with bevacizumab associated the incidence of hypertension with increased OS, whereas studies in colorectal cancer [26] and renal cell carcinoma [27] found an association between hypertension and increased PFS. In agreement with these findings, we also demonstrated that patients who experienced hypertension as a side effect of therapy lived longer than patients without hypertension (11.1 vs. 5.8 months; p = 0.012) and had prolonged PFS (2.0 vs. 1.8 months; p = 0.036). In previous studies, high intermittent doses of valproic acid were found to modulate histone deacetylase activity in peripheral blood mononuclear cells; [28, 29] however, these doses were also associated with substantial neurotoxicity (20-26 % of patients), mainly somnolence, confusion, and fatigue [28, 29] . Therefore, we designed a trial with lower continuous doses of valproic acid and found that histone deacetylase was inhibited in 26 % of evaluated patients, even after additional dose reductions. In addition, we observed a trend toward association between histone acetylation and SD ≥6 months with two out of three patients (67 %) achieving SD ≥6 months versus eight out of 36 patients (22 %) not achieving SD ≥6 months (p = 0.16). Interestingly, there was no relationship between the dose of valproic acid and histone acetylation. The lack of association can be also explained by the qualitative nature of our analysis. Patients with histone acetylation levels that doubled from baseline after initiation of valproic acid treatment were considered to have target inhibition, while those whose histone acetylation levels may have been elevated, but not above the specified threshold, were considered as not having target inhibition. A review of the literature indicates that quantitative analyses (degree of histone acetylation versus dose) have shown relationships between the amount of histone acetylation and dose levels [30] [31] [32] [33] , whereas qualitative analyses (histone acetylation above or below specified threshold versus dose) have not [28, 29, 34, 35] .
There are several limitations to this study. First, valproic acid is not the most potent HDAC inhibitor; however, at the time of study design, there was evidence of its efficacy as an HDAC inhibitor in cancer [28] and there was no other agent with HDAC activity approved by the FDA. Second, an expansion cohort for gastroesophageal cancer was planned but not filled due to the lack of candidates, which did not allow us to further investigate efficacy in this tumor type. Third, we performed histone acetylation analysis in PBMC as a surrogate for the target modulation in the cancer; however, performing these analyses in sequential tumor biopsies might provide a more accurate assessment.
In conclusion, this study demonstrated that the combination of bevacizumab and valproic acid is safe with SD ≥6 months achieved in patients with colorectal, prostate and gastroesophageal cancers, including those with prior bevacizumab treatment. Hypertension of any grade was associated with prolonged PFS and OS. The presence of histone acetylation was independent of valproic acid dose and serum levels and demonstrated a trend toward a higher rate of SD ≥6 months. Our results suggest that the combination of bevacizumab and valproic acid warrants further investigation with a focus on biomarkers predicting clinical activity.
